Objective. Immune checkpoint inhibitors (ICI) are transforming the field of oncology, leading to tumor regression in multiple advanced cancers. With this case series, we review the ultrasound imaging findings in a series of patients with ICI-induced inflammatory arthritis (IA), a novel rheumatic disease that is caused by cancer immunotherapy.
INTRODUCTION
The expansion of immunotherapies has introduced new treatment options for patients with advanced cancer. Immune checkpoint inhibitors (ICIs) target the inhibitory costimulatory molecules on T cells and their ligands, including cytotoxic T-lymphocyte antigen-4 (CTLA-4), programmed cell death-1 (PD-1), and programmed death ligand 1 (PD-L1) (1, 2) . Inhibition of these checkpoints by monoclonal antibodies permits nonspecific T-cell activation and can result in a dramatic antitumor response.
As ICI use increases for a wider variety of cancers, immunerelated adverse effects (irAEs) are increasingly recognized as significant toxicities (3, 4) . IrAEs manifest in a variety of organs, including skin rashes, colitis, myositis, sicca syndrome, and inflammatory arthritis (IA) (5, 6) . IA appears to be the most common rheumatic irAE and can become chronic, persisting after ICI cessation (7) . ICI-induced IA shows notable clinical differences from "usual" rheumatoid arthritis. Most patients are seronegative for rheumatoid factor and anti-cyclic citrullinated peptide (CCP) antibodies, many do not respond to low to moderate doses of corticosteroids, and there are several potential clinical subgroups, including small-joint polyarthritis, reactive arthritis-like disease, and large-joint oligoarthritis with or without axial disease (8) . The mechanism behind ICI-induced IA is not well elucidated and may be due to direct T-cell effects and/or downstream effects of T-cell activation, like inflammation that is due to cytokines and effectors cells. The clinical response of ICIinduced IA to tumor necrosis factor-inhibitor and IL-6R inhibitors also suggests the importance of these cytokines (8, 9) Ultrasonography has become an important modality for the diagnosis and monitoring of IA, able to identify not only inflammatory features of synovitis, effusions, and tendonitis but also structural damage like bone erosions (10) . There has been no systematic study using musculoskeletal ultrasound to evaluate patients with ICI-induced IA and describe the imaging features of this condition. We describe ten cases of ICI-induced IA evalu-ated with ultrasonography to highlight notable presentations and pathologic changes seen.
MATERIALS AND METHODS
This is a retrospective case series of patients with ICI-induced IA who were evaluated and treated at the Johns Hopkins Division of Rheumatology from October 2015 to January 2018. We identified and reviewed the medical records of those patients with ICI-induced IA who had available sonographic imaging of their joints. The study was approved by the Johns Hopkins Institutional Review Board (IRB #00144789).
Ultrasound assessments. Symptomatic joints were assessed in each patient based on clinical need. Studies were carried out using a GE Logiq e (GE Healthcare), which had a 12L linear phased array transducer or hockey stick probe, by one examiner (JA), a rheumatologist with 6 years of musculoskeletal ultrasound experience. For each joint region scanned, orthogonal views of symptomatic areas were obtained. The images were then reviewed, assessing for the presence/absence of joint pathology (synovial hypertrophy, Doppler signal, effusion), tendon pathology (tenosynovitis, enthesopathy), and bone changes (erosion). Definitions for ultrasound pathology are as described by the Outcome Measures in Rheumatology (OMERACT) network (11) . For enthesopathy, findings of thickening or hypoechoic irregularity of the tendons and presence of Doppler signal were specified. The presence of enthesophytes was also recorded for more granularity. A semiquantitative scoring system for synovial hypertrophy and Doppler assessments was used according to the EULAR/OMERACT score (12) . The most severe finding/grade was recorded for each section. For all other pathology, presence or absence was recorded as either positive (+) or negative (−).
RESULTS

Demographics.
Nine patients with IA due to ICIs were included in this study (Table 1) . They ranged in age from 47 to 81 (mean 61.6) and less than half were female ( Table 1) . Underlying cancer diagnoses included lung cancer (n = 4), melanoma (n = 2), basal cell carcinoma (n = 1), prostate cancer (n = 1), and colorectal cancer (n = 1). Five of nine patients (55%) received combination therapy with ipilumimab and nivolumab; four received a PD-1 inhibitor as single agent (nivolumab or pembrolizumab). Four of the nine patients (44%) had other irAE symptoms preceding, including colitis, sicca syndrome, and pancreatitis. Patients developed symptoms of IA anywhere from 1 to 23 months after starting ICI therapy (average 7.8 months).
Clinically affected joints. Three patients presented with an inflammatory monoarthritis that affected the knee; all other patients (n = 6) had at least three joints involved over their clinical course. Most patients with polyarthritis had both upper and lower extremities involved (n = 7), with one patient having only upper extremity involvement (wrists, fingers, shoulders) and another having only lower extremity involvement (knees, metatarsophalangeal joints).
Ultrasound findings. The most frequently imaged joint was the knee, with seven out of nine patients undergoing an ultrasound of this joint (Table 2 ) because of their symptoms. In order of decreasing frequency, the other joints assessed included the hands, wrists, ankles, elbows, and feet.
Out of 18 joint regions assessed, 12 were found to have synovitis, with active Doppler signal in 9 of those joints (one example: Figure 1A and 1G ). Effusions were most commonly seen in the knees and ankles ( Figure 1B ) but were also noted in elbows and hands. Tendon involvement with either tenosynovitis ( Figure 1A , 1E, and 1F) or enthesopathy was seen in 13 of the joint regions and spanned the range of both large and small joints. Enthesophytes were noted most commonly at knee tendons ( Figure 1H ) but were also seen at an extensor tendon of the finger ( Figure 1C and 1D ). Erosions and bony cortical irregularities were only seen in three joints but were noted even in cases with a symptom duration of only 2-3 months. Metastatic joint involvement was found in one case at an elbow, as previously described (13) .
Synovial studies. Fluid aspiration was performed for six knees to rule out alternative etiologies to irAE. All knee aspi-rates were sent for bacterial culture and resulted in no positive cultures. Five aspirates were also sent for cell count and crystal evaluation. One case showed the presence of monosodium urate crystals so colchicine was initiated for therapy, which yielded minimal clinical response; prednisone, and ultimately methotrexate, were effective for this patient's ICI-induced IA. The white blood cell count of the crystalline-negative aspirates ranged from 49 to 11 400 cells/cu mm (mean 5037). Two of the six patients were on prednisone (5 and 40 mg, respectively) at the time of joint aspiration, with white blood cell counts of 4900 and 3800, respectively. The patient with a low white blood cell count (n = 49) had received intra-articular corticosteroids several weeks before the aspiration. 
DISCUSSION
Rheumatic complications of ICI therapy have been increasingly recognized in the last few years, with IA being one of the more common manifestations. ICI-induced IA can be a complex entity, with varied presentations and some similarities with primary rheumatic diseases. An additional layer of difficulty is posed by its occurrence in the background of active malignancy, requiring a quick and judicious response from the evaluating clinician as to whether the manifestation is an irAE or cancer progression. Imaging provides an important additive assessment to the clinical examination, allowing for objective characterization of the anatomic and inflammatory nature of the process that can help guide management.
In studies detailing the occurrence of joint-related complications from ICIs, a spectrum of findings has been described, including synovitis, tenosynovitis, and enthesitis (3, (14) (15) (16) . In our study, we show that the most common findings were synovial hypertrophy with or without Doppler signal, as well as tendon involvement. The tendon involvement was one of the more interesting findings. It spanned the range of the more classic tenosynovitis seen with IA, to tendinopathy with only decreased echogenicity and thickening of the involved tendon, which could be interpreted as mechanically induced in a different clinical setting. However, a more unusual presentation was that of enthesophytes, such as at extensor tendons in the small joints of the hands and bulky ones at the knee tendons. Like bone erosions, enthesophytes are considered structural changes, indicative of damage and are usually seen in more long-standing disease. Hence, finding enthesophytes and erosions in these early cases (symptom duration between 2-20 months) raises further questions about underlying mechanisms, particularly in terms of the potential impact of ICIs on bone.
The retrospective nature of our study and targeted ultrasound assessments pose limitations on potential conclusions. Unfortunately, some patients were already on steroids by the time of sonographic evaluation, and this may have already affected changes, such as decreasing the amount of Doppler signal and inflammatory synovial or tendon changes seen. In one case, the elbow involvement was later determined to be due to metastatic disease, hence other findings in the elbow (like tendon abnormalities or effusions) were not counted toward ICI-induced IA as has been described elsewhere (13) . There is much more to understand about ICI-induced IA. Ultrasound imaging may help further define clinically relevant subgroups of ICI-induced IA, and differences in affected structures might reflect differences in pathogenesis. Musculoskeletal ultrasound can also evaluate for alternate causes of joint pain and has the added advantage of bedside availability, allowing evaluation of as many joints as desired, which makes it suitable for the assessment of this novel rheumatic disease.
In summary, musculoskeletal ultrasound showed a variety of pathology involving the synovium, tendons, and bones in patients who develop IA because of ICIs. Further systematic studies are needed to fully characterize the imaging features of this disease and to direct guidelines for the use of ultrasound in diagnosis and monitoring of response to therapy.
